An association between particulate air pollution and morbidity and mortality is well established. However, little is known about which sources of particulate matter contribute most to the adverse health effects. Identification of responsible sources would merit more efficient control. For a 6-year period (01 January 1999 to 31 December 2004), we examined associations between urban background PM 10 in the presence of gaseous pollutants (CO, NO 2 ) and hospital admissions due to cardiovascular and respiratory disease in the elderly (ageZ65), and asthma in children (age 5-18) in Copenhagen, Denmark. We further studied associations between fractions of PM 10 assigned to six sources (biomass, secondary, oil, crustal, sea salt, and vehicle) and admissions during a 1 1 2 -year campaign. We used Poisson generalized additive time-series model adjusted for season, day of the week, public holidays, influenza epidemics, grass pollen, school holidays, and meteorology, with up to 5 days lagged air pollution exposure. We found positive associations between PM 10 and the three health outcomes, with strongest associations for asthma. The PM 10 effect remained robust in the presence of CO and NO 2 . We found different PM 10 sources to be variably associated with different outcomes: crustal and secondary sources showed strongest associations with cardiovascular, biomass with respiratory, and vehicle with asthma admissions. These novel results may merit future research of potential mechanism, whereas at present, no single PM 10 source can be attributed to all morbidity.
Introduction
Associations between air pollution and cardiovascular and respiratory morbidity and mortality in adults are well established (Spix et al., 1998; Atkinson et al., 2001; Katsouyanni et al., 2001; A Le Tertre et al., 2002; Brunekreef and Holgate, 2002; Englert, 2004; Brunekreef and Forsberg, 2005; Dominici et al., 2006) . For respiratory symptoms in children, the results are more mixed and suggest different impacts, and dose-response relationships may be different from those seen in adults (Schwartz, 2004) . Particulate matter (PM) represents pollutants that have most consistently been associated with health effects. Under discussion is the role of particle size, particle source, and composition (Brunekreef and Holgate, 2002) . PM is a mixture of many different components originating from various sources, with local and regional variation, affecting its toxicity. Knowledge about which sources of PM are most relevant in determining health effects remains limited. A cross-sectional study of different US sites suggested that fine PM 2,5 (particulate matter with aerodynamic diameterr2.5 mm) from industry source (iron/steel emission) and coal combustion were more significant contributors to human mortality than soil-derived particles (Ozkaynak and Thurston, 1987) . Similarly, chemical tracer-based source apportionment applied to the Harvard Six Cities study suggested that PM 2.5 from mobile and coal sources, but not from earth's crust, were responsible for effects on daily mortality (Laden et al., 2000) . The most recent study found strongest associations with daily mortality for secondary sulfate-and coal-related PM 2.5 . Two timeseries studies on cardiovascular mortality reported strongest associations with secondary aerosols (sulfates) (Mar et al., 2000 (Mar et al., , 2005 . Two panel studies from Helsinki reported that negative effects of PM 2.5 on both peak respiratory flow (PEF) in adult asthmatics and ischemic heart disease exacerbation in adults with stable coronary heart disease were mainly mediated by particles related to local combustion sources, mainly traffic (Lanki et al., 2006; Penttinen et al., 2006) . These studies represent a modest set of data and only one (Lanki et al., 2006) had complete monitoring data to address lag structures of source-assigned associations satisfactorily. Otherwise, at best, chemical analysis for source apportionment has been performed twice a week (Mar et al., 2005; Ito et al., 2006) . Moreover, chemical analysis source apportionment with respect to PM 10 (particulate matter with aerodynamic diameterr10 mm) has not been assessed with respect to health outcomes. Hospital admissions have been studied in this context only in a single study, where contributions from different PM 10 source were assessed from between-city contrasts and not from chemical analyses (Janssen et al., 2002) . For targeted prevention of PMassociated health effects, identification of the most relevant sources is required and data are urgently needed.
In this paper, we use a time-series approach to study the effect of PM 10 and gaseous pollutants on hospital admissions, and use source apportionment of PM 10 data to evaluate the hypothesis that certain sources are more closely associated with health outcome than total PM 10 mass. We study hospital admissions due to cardiovascular disease (CVD) in elderly (ageZ65), respiratory disease (RD) in elderly (ageZ65), and asthma in school-aged children (5-18 years), in an attempt to cover the array of diseases and susceptible populations and provide a comprehensive study of short-term effects of sourcespecific air pollution on morbidity.
Methods

Health Outcomes
We considered three health outcomes based on the International Classification of Diseases, Tenth Revision (ICD-10), and defined CVD hospital admissions in elderly (ageZ65) to include angina pectoris (I20), acute and subsequent myocardial infarction (I21-22), other acute ischemic heart diseases (I24), chronic ischemic heart disease (I25), pulmonary embolism (I26), cardiac arrest (I46), cardiac arrhythmias (I48-49), and heart failure (I50); RD hospital admissions in elderly to include (ageZ65) chronic bronchitis (J41-42), emphysema (J43), other chronic obstructive pulmonary disease (COPD; J44), asthma (J45) and status asthmaticus (J46); and for pediatric asthma (5-18 years) to include asthma (J45) and status asthmaticus (J46). Both acute and planned admissions were included. We extracted daily counts of hospital admissions from the Danish Hospital Register for the 6-year period (2192 days) (01 January 1999 to 31 December 2004) in nine hospitals, which are located within a 15 km (average of 6 km) radius from the central fixed urban monitoring station, and service the greater Copenhagen population of roughly 1.5 million people.
Exposure Monitoring and Source Apportionment
The pollutant and meteorological data were measured by the Danish National Environmental Research Institute (NERI) at the fixed roof (20 m above the ground) urban background monitoring station (HCOE) located in the center of Copenhagen (01 January 1999 to 31 December 2004). Daily (24 h, midnight-to-midnight) means were available for PM 10 , measured by an SM200 monitor (Opsis, Sweden), carbon monoxide (CO) measured by an M 300 monitor (API, San Diego, USA), nitrogen dioxide (NO 2 ) measured by an M 200A monitor (API, San Diego, USA), ozone (O 3 ) measured by API400A monitor (San Diego, USA) temperature, and relative humidity, with missing data on days with malfunctions in monitoring equipment.
Data from the HCOE station were not sufficiently comprehensive for a complete source apportionment of PM 10 . This is due to monitoring networks in Denmark focusing on the local sources at urban sites, and on the longrange sources at the rural site, resulting in inorganic ions (Na
, and NO 3 À ) being measured only at the rural monitoring station. Thus, additional data consisting of daily samples for total suspended particulates (TSP) from a forest rural station (Frederiksborg, 3 m above the ground) 35 km NNW of central Copenhagen were necessary for a source apportionment of PM 10 . The secondary inorganic particles collected in Denmark are mostly due to long-range transport emissions from central Europe, and the sea salt is mostly due to long-range transport from the Atlantic Ocean. Therefore, the distance between the two sites (central and rural) is short in view of the long-range character of the ion sources. Also due to the long transport distance, only an insignificant amount of ion mass is expected to be collected in the 410 mm fraction of TSP. The samples from HCOE and Frederiksborg (03 May 2002 to 22 December 2003) were analysed for elements (only HCOE) and ions (only Frederiksborg) using proton induced X-ray emission (PIXE), ion chromatography, automated colorimatry, and atomic absorption spectrophotometry. The PIXE analysis encompassed the elements Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Se, Br, Rb, Sr, Zr, Mo, Sn, Sb, Ba, and Pb, and ion analyses encompassed Na þ , NH 4 þ , Cl À , SO 4 2À , and NO 3 À . The chemical analysis was performed at the Department of Atmospheric Environment at NERI. A comparison between the PIXE-S values at the urban site and the SO4-S values at the rural site showed that the SO4-S/PIXE-S ratio was 0.94, and that the correlation coefficient was 0.85, indicating a good agreement between the two sites for longrange-dominated compounds.
Influenza and Pollen Data
Influenza epidemics data provided by Statens Serum Institut were available as weekly percent of total general physician's consultations due to influenza in Copenhagen. Pollen data were obtained from the Danish Meteorological Institute for mugwort, birch, alder, elm, grass, and hazel as mean counts per cubic meter of air.
Statistical analysis
PM 10 Source Apportionment
We used principal component analyses as an initial factor analytic tool and the constrained physical receptor model (COPREM) to apportion PM 10 between different sources. COPREM is a hybrid model unifying Chemical Mass Balance (CMB) modelling and non-negative factor analysis (Cooper et al., 1984) . COPREM uses the same bilinear modelling and uncertainty weighted data reduction principle as positive matrix factorization (PMF), but uses a priori constraints (source profiles with fixed ratios as in CMB) to find a final solution (Paatero and Tapper, 1994) . The details of COPREM software are published previously (Wahlin, 2003 (Table 1 ). The road dust profile (including tyre wear dust) and direct vehicle emissions profile were determined from a study of PM 10 road increments at a busy street in Copenhagen, and were used under the assumption the that the road increments measured in the streets are representative for the general traffic emissions in the city background (Wahlin et al., 2006) . The soil contributions (beyond what can be explained by the road dust source) were fitted using two representative profiles: one with the composition of igneous rock and the other with the composition of limestone. The COPREM profiles for the NH 4 NO 3 , (NH 4 )HSO 4 , and (NH 4 ) 2 SO 4 sources were calculated according to the stoichiometric content, whereas the sea salt source profiles were calculated according to the average composition of sea water (Sverdrup et al., 1942) . Only about a half of the PM 10 could be explained by these well-defined fixed initial source profiles in COPREM. Unexplained enriched concentrations of some elements were considered tracers for different combustion sources not accounted for initially. These included biomass combustion (K), fuel oil combustion (V and Ni), and coal combustion/ incineration (Zn, Se, and Pb), which represented probably other sourcs, but without additional measurements of organic compounds it was not possible to make better differentiation. Therefore, in COPREM, elements K, V, and Se were chosen as tracers for the ''Biomass'', ''Oil'', and ''Coal'' in the following way: V and Se were not allowed in ''Biomass'', K and Se were not allowed in ''Oil'', and K and V were not allowed in ''Coal'' (Table 1 ). All other elements in the ''Biomass'', ''Oil'', and ''Coal'' profiles were allowed to adapt freely to the data as in factor analysis.
Association between Air Pollution and Health Effects
We applied a generalized additive Poisson time-series regression model adjusted for overdispersion to estimate associations between day-to-day variations in pollutant (PM 10 , CO, NO 2 , and six PM 10 sources) concentrations (at lags 0, 1, 2, 3, 4, and 5 days), and day-to-day variations in hospital admission rates (Hastie and Tibshirani, 1990; Schwartz, 1994) . We modelled the three health outcomes, CVD, RD, and asthma admissions, separately. A basic model was first built, without including pollutants in the model, using Akaike information criterion (AIC), covariate response plots, partial autocorrelation in residuals plots, and residual plots (Akaike, 1974) . We controlled for weather by modelling temperature and dew-point temperature with smoothing spline functions with 4 or 5 degrees of freedom (df), while smoothing splines of calendar time with 3, 4 or 5 df/year was used to control for long-term trend and seasonality. Influenza, day of the week, public holidays, and school holidays variables were included in the model via dummy variables. We defined a single indicator variable for all influenza epidemics in the study period, taking the value 1 for days above the 95th percentile of the percent physician's consultations due to influenza. Grass pollen was the only type of pollen found to be associated only with the pediatric asthma admissions, whereas no pollen type was associated with CVD or RD admissions. Thus, pollen was included only in the children asthma model as a continuous variable. A priori was decided to adjust for school holidays only in the asthma children model, assuming that school holidays, popular travel time for families with children, would affect the admission rates for children but not for elderly.
Pollutants (PM 10 , CO, NO 2 , and six PM 10 sources) were introduced into the model as linear terms. Analyses were restricted to days with PM 10 levels below 150 mg/m 3 . First, we examined the effect of pollutants concentration on the single day lags (0-5 days) separately. The choice of a maximum of 5-day lag window was based a priori on the previous literature on the short-term air pollution effects (Schwartz, 2000) . Next, we created 4-day pollutant average (0-to 3-day average) for CVD, 5 days average (0-to 4-day average) for RD, and 6-days average (0-to 5-day average) for asthma, to include the lags when PM 10 effects were most prominent. The same pollutant averages based on PM 10 were applied for all pollutants and sources, to provide for consistent comparison across the health outcome. Similarly, to allow for the consistent comparison, we estimated all relative risks (RR) per interquartile range (IQR) increment in pollutants and sources.
First, we fitted one-pollutant models for each pollutant and source to examine the independent effects of each on the health, followed by the two-pollutant models to evaluate the robustness of PM 10 effect in the presence of gaseous pollutants. Finally, two-pollutant models of each source with PM 10 from other five sources were fitted to examine which source explains best the effect of PM 10 . We performed a sensitivity analysis for a range of alternative df (720% of the df of choice) for calendar time and found the pollutant estimates to be robust (HEI, 2003) . We performed analyses in the gam procedure, mgcv package in R statistical software (R Development Core Team, 2006) .
Results
PM 10 Source Apportionment
The resulting COPREM source profiles are shown in Table 1 , as the average source contributions in mg/m 3 . The fixed parts of the profiles (the direction of the initial source profile (a vector) that was kept constant during the fitting procedure) are printed with bold-faced types. Only the length of the Bold-faced numbers represent fixed composition of the source, that is, the direction of the initial source profile (considered as a vector) was kept constant during the fitting procedure, whereas only the length of the source profile could change as in a Chemical Mass Balance analysis. Italic numbers represent profiles that were allowed to change freely in the non-negative range for the best fit in the same way as in Positive Matrix Factorization.
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source profile could change as in a CMB analysis. Numbers printed in italics represent profiles that were allowed to change freely in the non-negative range for the best fit, in the same way as in PMF.
The determination of Cl by PIXE is not always reliable, so the uncertainty sign of PIXE-Cl was changed from positive to negative, which COPREM interprets as an infinite uncertainty. The total w 2 (13525) is 38% larger than the df (9779), indicating good fit of the data. For PIXE, the fit is rather poor, which is due to the influence of the SO 4 2À measured at the rural station. Differences in the measurements of PIXE-S and SO 4 2À S, which are due to the distance between the two sampling sites and the calibration uncertainty of PIXE-S, were not taken into account in estimation of uncertainties. For some other PIXE elements, the fits are also less good, especially for Cr, Zn, and As, which might be due to contamination or special industry emissions. The resulting coal/incineration source profile was not apportioned any mass by the COPREM analysis. The mass of the PIXE elements (including the attached oxygen) in the resulting biomass combustion and oil combustion profiles is insignificant compared with the apportioned PM. The chemical content must therefore mainly be compounds not detected by PIXE (probably mostly organic carbon and elemental carbon).
As a simplification for the study of health effects, six main PM 10 sources were grouped as follows: biomass combustion, oil (fuel oil combustion), vehicle (exhaust emissions and brake wear emissions), sea salt (salt þ NaNO 3 ), crustal (road concrete and tyre wear þ igneous rock þ limestone), and secondary inorganic compounds (NH 4 NO 3 þ (NH 4 ) 2-SO 4 þ (NH 4 )HSO 4 ). The biomass (32.5%) was the largest contributor to total mass PM 10 followed by secondary (29.0%), oil (15.7%), crustal (10.5%), sea salt (9.3%), and vehicle (3.0%) sources. Table 2 shows the summary statistics for hospital admissions, pollutant concentrations, meteorological variables, and PM 10 sources during relevant study periods.
Association between Air Pollution and Health Effects
O 3 was excluded from analyses due to large number (69%) of missing data. The measured air pollutants (PM 10 , CO, and NO 2 ) were significantly positively correlated with each other (Table 3) . NO 2 was more strongly correlated with CO than with PM 10 . Low or no correlation was found between PM 10 sources, with the exception of secondary and biomas, secondary and oil, and oil and crustal sources. Between pollutants and PM 10 sources, the highest positive correlations were observed between PM 10 and its secondary source, CO and biomass, and NO 2 and vehicle. All pollutants and sources were very weakly or negatively correlated with sea salt.
We found that one IQR (14 mg/m 3 ) increase in 4-day PM 10 average was associated with a 2.7% (95% confidence interval 1.3%-4.2%) increase in CVD hospital admissions the next day (Table 4) . For RD and asthma, one IQR increase in 5-and 6-day PM 10 averages was associated with 3.7% (1.4%-6.0%) and 7.7% (0.4%-15.5%) increases in hospital IQR, interquartile range (25th and 75th percentiles of data and the difference).
admissions the next day, respectively. These associations remained robust in the presence of CO and NO 2 . NO 2 and CO were positively but weakly associated with all three outcomes, with RRs higher for RD than for CVD, and highest for asthma. CO showed a strong positive association only with asthma in the one-pollutant model, but much weaker effect in the two-pollutant model. NO 2 showed strong positive associations with RD and asthma in onepollutant models, which were weakened considerably in the presence of PM 10 . We observed consistent lag structure for all pollutants across a specific outcome (Figure 1 ). In general, the pollution effect on CVD admissions was more immediate, strongest on the concurrent day for CO and with 2 and 3 days delay for PM 10 and NO 2 , and more delayed for both respiratory outcomes, with strongest effects with 3 or 4 days delay for all pollutants for RD admissions, and with 4 to 5 days delay for PM 10 and with 2, 4, and 5 days delay for CO and NO 2 for asthma.
All sources of PM 10 except sea salt and vehicle showed a positive independent association with CVD admissions, with crustal, secondary, biomass, and oil sources, respectively, showing strongest and significant associations (Table 5) . Only the association with the crustal source remained robust in the presence of other PM 10 sources. In both one-and twopollutant models, all sources but vehicle showed positive association with the RD admissions, with biomass having highest and significant estimate. The vehicle source showed the strongest positive but nonsignificant association with asthma admissions, followed by positive association with oil, whereas all other sources showed weak negative associations. The effect of the vehicle source remained robust in the presence of other sources PM 10 . However, in this 1 1 2 -year period there was a very weak association between total PM 10 and asthma admissions in children.
The lag structure for the six PM 10 sources (Figure 2 ) was varied and showed no consistent pattern across the sources or diseases.
Discussion
Our results indicate short-term associations between hospital admissions and ambient levels of total mass PM 10 , as well as source allocated PM, with cardiovascular disease related to secondary and crustal, respiratory disease in elderly related to biomass, and pediatric asthma to vehicle PM.
Our estimate in CVD admissions of 1.9% following 10 mg/m 3 increase (2.7% per 14 mg/m 3 ) in 4-day average PM 10 concentration is generally higher than those observed from time-series studies in USA and Europe (Kunzli et al., 2000; Brunekreef and Holgate, 2002; HEI, 2003; Metzger et al., 2004) . However, our estimate is similar to that of about 2% increase in CVD admissions (ageZ65) following 10 mg/m 3 increase in 2-day average (lags 0 and 1) PM 10 observed in Stockholm, which was the highest estimate among eight APHEA European cities, at least twice the magnitude of others (A La Tetre et al., 2002) . These consistent results for CVD admissions in Denmark and Sweden suggest that common regional and climatic conditions in northern Europe contribute to higher toxicity of PM 10 than seen elsewhere. We found no association of CVD with NO 2 , CO, and vehicle source, suggesting weak influence of local traffic. These results are in contrast to studies suggesting that mobile sources were important contributors to mortality and morbidity (Laden et al., 2000; Janssen et al., 2002 ; Lanki CVD hospital admissions (age Z65) , 2006) . Our finding of an association between secondary PM 10 and CVD is consistent with the reported relevance of secondary sulfates in PM 2.5 for cardiovascular or cardiopulmonary mortality in source apportionment-based timeseries studies in Phoenix, Arizona and in the Six Cities cohort study (Mar et al., 2000 (Mar et al., , 2005 . Moreover, a recent experimental study of atherosclerosis progression in hyperlipidemic mice exposed to concentrated ambient air particles found short-term changes in cardiac function mainly to be associated with secondary sulphates and resuspended soil as source categories of PM 2.5 (Lippmann et al., 2005) . This provides some support for biological plausibility of the relevance of crustal and secondary sources for CVD. However, other epidemiological source apportionment studies have not found associations between soil-related particles and cardiovascular and total mortality (Ozkaynak and Thurston, 1987; Laden et al., 2000; Mar et al., 2005; Ito et al., 2006) . None of these studies included daily source apportionment, the outcome was mortality rather than hospital admissions, and different soil-related materials may have different composition and possibly toxicity dependent geographical area. Secondary sources in Copenhagen encompass sulfates and nitrates from industry and fuel oil combustion byproducts mainly as long-range transport, while the crustal component comes from road asphalt concrete, resuspended dust, and long-range soil-related sources. Possibly, our findings of the high RR for total mass PM 10 and CVD admissions could be explained by the surprising strong crustal source contribution to CVD due to different local conditions and PM 10 mix than seen elsewhere. Our estimate of 2.6% increase in RD admissions among elderly following 10 mg/m 3 increase (3.7% per 14 mg/m 3 ) in 5-day average PM 10 concentrations, is higher than those reported elsewhere (Kunzli et al., 2000; Brunekreef and Holgate, 2002; HEI, 2003; WHO, 2004) . Studies of health effects of biomass combustion are relatively new and few, but seem to agree with our findings of importance of this source for RD. A Swedish study found stronger association with asthma in areas where residential wood combustion was a major source of PM (Boman et al., 2003) . Similarly, a recent Spanish case-control study provided evidence for wood or charcoal smoke exposure association with COPD (OrzocoLevi et al., 2006) . A Finnish panel study attributed both local combustion sources (manily traffic), and long-range transport (secondary sulphates and biomass) to negative effects of PM 2.5 on asthmatic adults (Penttinen et al., 2006) . In contrast, an American multicity study by Janssen et al. (2002) found no association between the regression coefficients relating daily pneumonia or COPD hospital admissions to PM 10 and the average wood burning proportion, which, however, was rather low in most of the cities. In Copenhagen, the perhaps surprising abundance of biomassrelated PM 10 is explained by a significant biomass contribution from long-range transport from East and Central Europe, as the local biomass combustion, mainly from residential wood combustion, is limited. Perhaps this local PM 10 mixture with abundance of long-transported biomass could explain higher RRs for RD admissions in Copenhagen than seen elsewhere. A recent review of the effects of air pollution in children studies concluded that both PM 10 and NO 2 were strongly related with hospital admissions or emergency department visits for asthma, and that traffic pollution seemed to be most important (WHO, 2005) . Our results agree well with these findings. We found a 5.5% increase (7.7% per 14 mg/m 3 ) in asthma admissions in school-aged children (age 5-18) following 10 mg/m 3 increase in 6-day average PM 10 concentration, and even stronger independent associations with CO and NO 2 (Table 3 ). The observed importance of the vehicle source for childhood asthma is a novel finding, as no study to date has assessed children health outcomes with respect to source apportioned PM. However, the relevant impact of traffic emissions in children is well documented in panel studies showing associations between childhood asthma and different traffic-related air pollution proxies such as outdoor NO 2 concentrations, CO, residential proximity to freeway, traffic volume, and model-based residential estimates (Studnicka et al., 1997; Guo et al., 1999; Gauderman et al., 2005; McConnell et al., 1999 McConnell et al., , 2006 . The vehicle source in Copenhagen represents exhaust emission and brake wear, but the specific contribution of each could not be discerned by the source apportionment. Vehicle source contributes little (3%) to the total PM 10 mass in Copenhagen, which is dominated by long-range transported components, but showed strong correlation with NO 2 (Table 2 ), a measured proxy of vehicle exhaust, validating the source apportionment method.
The observed RRs associated with PM 10 and gaseous pollutants were stronger per IQR for the respiratory than for CVD admissions, suggesting a steeper dose-response relationship for the former, with the steepest relationship for asthma in children. Considering that both planned and acute admissions were considered as an outcome in this study, and that proportion of planned admissions is higher for CVD than for RD admissions (ca. 20% vs. 2%), estimates for CVD admissions are likely more underestimated than for RD admissions, which may explain some of the differences between the two. Previous studies have reported higher estimates for PM 10 effect on respiratory than for cardiovascular outcomes for both mortality and morbidity (Samet et al., 2000; Atkinson et al., 2001 Atkinson et al., , 2005 WHO, 2005) . Nonetheless, considering the mean number of daily hospital admissions in Copenhagen for CVD (53), RD (21) , and asthma (3), relative to the magnitude of RRs for each outcome, public health effect of short-term air pollution on morbidity is significant and considerable for all three susceptible populations.
The limitations of the current study include a relatively short PM 10 source apportionment campaign of 1 1 2 years, which affects the statistical power and the sensitivity of the source apportionment method. A recent study on intercomparison of nine different PM 2.5 mass source apportionment methods found that these were consistent across methods and robust enough for application to health effects assessment (Hopke et al., 2006) . The study compared multivariate factoranalysis-based methods for the source apportionment of PM 2.5 , which is based on well-defined source profiles for most of the sources. In our study, for three sources with unknown mass, contributions from organic material or elemental carbon (biomass combustion, fuel oil combustion, and coal combustion) characteristic tracers have been used. We expect that the crustal material and the sea salt mostly belong to the coarse PM 10 fraction, whereas the other sources mostly contribute to the fine (PM 2.5 ) fraction. This division in fine fraction sources and coarse fraction sources suggests that the potential of the source apportionment for health effects assessment would be similar, with alternative source apportionment methods for PM 2.5 mentioned by Hopke et al. (2006) , and thus robust for health effects studies implementation. On the other hand, considering that PM is a mix of components dependent on the local sources and conditions that influence its toxicological potency, results from this study may not necessarily be consistent with results achieved elsewhere.
The interpretation of the health results should take into account the fact that the exposure misclassification may be higher for certain sources than for others, or that of total mass PM 10 . For example, the concentration of PM 10 assigned to vehicle at the 20 m high central measuring site (HCOE) may not be perfectly representative of the vehicleemitted concentrations experienced by the 1.5 million inhabitants in greater Copenhagen, due to high temporal and spatial variation of traffic emissions in the urban air. On the other hand, PM 10 concentration assigned to biomass or secondary sources, both dominated by long-range transport contributions and thus spatially homogeneous in the urban air, are likely to be close to concentrations experienced by all inhabitants in the study population. We are unable to asses further specific sources' exposure misclassification here more than by stating that the estimates for sources with higher exposure misclassification are likely biased toward zero.
Additional limitations of source apportionment methods include overestimation of salt contribution at urban background and lack of assessment of road salt. The sea salt source is a proxy of clean air in Copenhagen, as higher concentrations of salt blown into urban air from the sea by favorable winds indicates lower concentrations of pollutants, which are dispersed by the same winds. Thus, the lack of sea salt associations with health outcomes and negative correlations with the other pollutants supports the validity of source apportionment method and the relevance of our findings.
The present study is unique in linking daily measurements PM 10 and its sources to three morbidity outcomes at a single location, providing a possibility for comprehensive direct comparisons of pollution effects across diseases (CVD, RD, and asthma) and population groups (elderly vs. children). Furthermore, this study is the first epidemiological health effects study, to date, to use chemical source apportionment of PM 10 . Finally, our source apportionment method, a hybrid between the positive factor analysis and CMB methods, is novel and unique, with respect to those used so far in linking PM sources with health effects.
The potential for lag selection bias resulting from preferential selection of the adverse effect with lowest P-value is well recognized (Anderson et al., 2005) . We chose a priori lag window of 5 days, reported all single day lag results, and based our main analyses on pollution averages to provide for more robust estimates. Furthermore, we preferred average-based estimates because they mimic better the nature of human exposure, which is never limited to a single day, and reflect delayed and accumulated nature of short-term air pollution exposure.
In conclusion, we found short-term associations between PM 10 and morbidity in Copenhagen. The strong and robust associations with PM 10 in the presence of ambient gases confirm the relevance of total mass PM 10 as a marker of adverse air pollution effects. This study brings new evidence that different PM 10 sources are relevant for different diseases, implicating the relevance of biomass for RD in elderly, vehicle sources relevance for pediatric asthma, and crustal sources importance for CVD. These novel results on PM 10 sources may merit future studies of causal pathways, pathophysiologic mechanisms, and toxicity. However, without identifying single important source for all morbidity, our results reinforce the importance of control of total mass PM 10 and/or PM 2.5 .
